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have formed and burst. As a bubble grows, microeconomic
behavior ceases to be constrained by realistic predictions.
This contradicts the basic assumption of economics that
agents have rational expectations. To examine the neural
basis of behavior during bubbles, we performed functional
magnetic resonance imaging while participants traded
shares in a virtual stock exchange with two non-bubble
stocks and one bubble stock. The price was largely
deﬂected from the fair price in one of the non-bubble stocks,
but not in the other. Their fair prices were speciﬁed. The
price of the bubble stock showed a large increase and bat-
tering, as based on a real stock-market bust. The imaging
results revealed modulation of the brain circuits that regu-
late trade behavior under diﬀerent market conditions. The
premotor cortex was activated only under a market condi-
tion in which the price was largely deﬂected from the fair
price speciﬁed. During the bubble, brain regions associated
with the cognitive processing that supports order decisions
were identiﬁed. The asset preference that might bias the
decision was associated with the ventrolateral prefrontal
cortex and the dorsolateral prefrontal cortex (DLPFC). The
activity of the inferior parietal lobule (IPL) was correlated
with the score of future time perspective, which would bias
the estimation of future price. These regions were deemedhttp://dx.doi.org/10.1016/j.neuroscience.2014.01.029
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Open access under CC BY-to form a distinctive network during the bubble. A functional
connectivity analysis showed that the connectivity between
the DLPFC and the IPL was predominant compared with
other connectivities only during the bubble. These ﬁndings
indicate that uncertain and unstable market conditions
changed brain modes in traders. These brain mechanisms
might lead to a loss of control caused by wishful thinking,
and to microeconomic bubbles that expand, on the macro-
scopic scale, toward bust.
 2014 The Authors. Published by Elsevier Ltd.
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INTRODUCTION
The growth and burst of economic bubbles have occurred
throughout history under diverse economic systems. After
each crisis, governments have attempted to improve their
economic systems to avoid future bubbles, but none has
managed to eliminate them completely (Chancellor,
1999). This suggests that the mechanisms underlying
the emergence of bubbles may not be inherent to
economic systems per se, but lie in human cognitive
traits that produce bounded-rational trading behavior
under certain conditions.
Most existing economic theories presume rational
human behavior based on the incorporation of inﬁnite
information about the real economy. However, every
individual’s knowledge of the world is limited and, in
making decisions, people extrapolate beyond known
conditions. They do this using a combination of educated
guesswork, imagination, and intuition (Simon, 1947).
Certain cognitive biases operate in this process, some of
which have been postulated to underlie economic bubble
behavior. They include the money illusion (Weber et al.,
2009), in which people overestimate their purchasing
power, which results in an imbalance of spending versus
saving, and the Keynesian beauty contest (Coricelli and
Nagel, 2009), in which people’s investment is driven by
expectations about what other investors think, rather
than expectations about fundamental proﬁtability. Both of
these cognitive distortions have been attributed to activity
in the ventromedial prefrontal cortex (VMPFC). However,
the VMPFC seems to be more involved in the layered
structures of present situations, such as hidden social
mentalizing (Frith and Frith, 2006), rather than in the past
and future.
Open access under CC BY-NC-ND license. NC-ND license.
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situation modulated brain activities, marking greater
contemplation by the agent of the future implications of
their current actions. The absence or incompleteness of
data about the future means that there is little in the
way of accurate forecasting to constrain optimism
(Sharot et al., 2007), which triggers the associated brain
areas to form a network that includes a ‘‘wishful
thinking’’ feedback loop. The new brain mode then
overrides the cognitive mechanisms that govern normal
economic decision making. To test whether this
conversion occurs and to investigate its neural
underpinnings, we studied the brain activity of healthy
volunteers while they made decisions about stock
trading in situations that simulated those that either do
or do not result in an economic bubble.
Subjects played a trading game on a virtual stock
exchange while inside the magnetic resonance imaging
(MRI) scanner (Fig. 1), and were motivated by a real
ﬁnancial bonus that was obtainable through their
trading. Stocks were traded under three conditions
(Table 1): (1) a small-deﬂection stock (SDS)
represented a control condition in which the fair price for
the stock was known, the amount of cash and stock
price was balanced to represent a stable economic
situation, and subjects made rational decisions; (2) a
large-deﬂection stock (LDS) represented an economic
condition similar to the SDS situation described above,Fig. 1. (A) Time course of a trial. Stock information and asset informatio
respectively. Price change means the diﬀerence between the price in a trial an
it was presented randomly in each trial. The left-to-right orders corresponded
The subject then pushed the button corresponding to his/her order decision. (
levels for all stocks. (C) Price series of the practice stock. (D) Time course o
extending from the ﬁfth block to the eighth block (LDS1), and that of the othe
(LDS2). (E) Time course of the stock price of BLB in Exp 2.with the exception that the deﬂection of the stock price
reﬂected a bubble condition and the subjects could
make decisions based on price information, but with
somewhat speculative motivation. These two conditions
were used as positive controls that represented the
normal economy; (3) Burst Lehman Brothers (BLB)
represented a test condition that mimicked the changes
in the stock market that occurred during the United
States housing bubble, which ended with the ‘‘Lehman
shock’’ in 2008. In this condition, the fair stock price was
unknown, cash exceeding the total stock value was
provided (Caginalp et al., 1998; Porter and Smith,
2003), and the transition in the stock price reproduced
the economic condition that prevailed up to the Lehman
shock.EXPERIMENTAL PROCEDURES
Subjects
Fourteen right-handed healthy subjects (seven females;
age range, 20–25 years; average age, 22.1 years)
participated in the study, none of whom had a history of
neurological or psychiatric disorders. All were novices in
stock trading and unfamiliar with Lehman Brothers
stock. The Third Research Ethics Committee of RIKEN
approved the experimental procedure. Written informed
consent was obtained from each subject before then were presented in the upper part and the middle of the screen,
d the price in the previous trial. The button order was assigned so that
to buttons on the MRI-compatible button box (Current Designs, Inc.).
B) Autonomic responses. Heart and respiration rates exhibited similar
f stock prices in Exp 1. The bubble period of one LDS was deﬁned as
r LDS was deﬁned as extending from the third block to the sixth block
Table 1. Settings of stocks traded
Conditions Non-bubble Bubble
Small-deﬂection stock Large-deﬂection stock Burst Lehman Brothers
Fair price Informed Unknown
Cash supply Adequate Glut
Stock price Not deﬂected Largely deﬂected
A. Ogawa et al. / Neuroscience 265 (2014) 37–47 39experiments. Monetary compensation for participation
was paid within a range approved by the Ethics
Committee. The amount depended on the subjects’
trading gains, and included a base payment. The total
payment was made by bank transfer.Task
The subjects were asked to maximize their assets by
trading stocks at market prices in Japanese yen under
the constraint that one stock could be traded in one trial.
In each trial, after information regarding the stock and
assets had been displayed (Fig. 1), orders appeared at
the bottom of the display for 3 s, oﬀering three choices:
‘‘Buy,’’ ‘‘Sell,’’ and ‘‘No trade.’’ A blank screen was
presented for 2 s before the next trial. The subjects
were asked to decide whether to buy, sell, or not trade
while the information was presented, and to press the
corresponding button as quickly as possible during the
period of the blank screen. This procedure segregated
the brain activation for decision making from that of
button pressing. The order was carried out immediately.
The subjects performed 10 blocks of ﬁve trials, totaling
50 trials for each stock. The interblock interval was set
at 10 s.
In all experiments and in the practice, initial assets
consisting of ﬁve units of stock and 5000 yen cash were
allocated to each brand of stock. The account of each
brand of stock was independent. Based on previous
studies (Black and Scholes, 1973; Merton, 1973; Schulz
et al., 2001), the stock price in the practice and in the
ﬁrst experiment (Exp 1) was modeled with a variant of
the geometric Brownian motion equation, given below:
dp ¼ aðq pÞ þ bpz ð1Þ
where p is the current stock price, dp is the price change, q
is the fair price, a and b are constants, and z is the value of
the standard normal distribution.
Before scanning, the subjects practiced the task
outside the scanner. The price series of the practice
stock was generated using the equation above with
a= 1.0 and b= 0.01. To motivate them, the subjects
were informed that there would be a bonus. In the
practice session (and in Exp 1), the subjects received a
dividend of 100 yen per stock at the end of each block.
The dividend amount was displayed for 3 s early in each
interblock interval. The stock price became zero at the
end of the practice session. Therefore, the fair price of
the ﬁrst block was 1000 yen, that of the second block
was 900 yen, and that of the n-th block was 1000–
100  (n  1) yen. The subjects knew these fair prices
to trade their stocks. The portion of their assets thatexceeded the initial asset value of 10,000 yen was paid
as a bonus.
During scanning, the subjects traded two types of
stocks in Exp 1: a SDS and a LDS. The subjects traded
the LDS and SDS alternately throughout each block,
i.e., the LDS block and SDS block alternated. The price
of the SDS hovered around the fair price, whereas the
price of the LDS rose, peaked, and then returned to the
fair price (Fig. 1D). With the exception of the largely
deﬂected period, the fair price of the LDS was the same
as that of the SDS. The price of the SDS was
calculated using a= 1.0 and b= 0.04. This setting
generated a price movement that was similar to that of
the practice stock. The subjects traded either of two
LDSs, which diﬀered in terms of the onset, peak timing,
and ending of the period of large deﬂection. These were
counterbalanced among the subjects. The price of the
LDS was generated using Eq. (1), with a= 0.15 and
b= 0.04. The parameter used to calculate the trade
price, q, in Eq. (1) of the LDS was set to 2000 yen
before the peak, and to 2000 yen to create the price
crash that followed the peak price. The price started
around 700 yen lower than the fair price, to generate the
expectation of a price increase. The portion of the
trader’s assets that exceeded the initial asset value of
10,000 yen was used as payment for the practice.
In the second experiment (Exp 2), the stock price was
calculated from the price of Lehman Brothers stock. We
chose Lehman Brothers to symbolize the US housing
bubble, which triggered a global ﬁnancial crisis and
recession. In contrast with Exp 1, the subjects did not
know the fair price (in fact, no one knew the fair price in
reality), and no dividend was delivered. The stock price
of Lehman Brothers between December 2003 and
December 2008 was used to generate the price of the
traded stock, called BLB (Fig. 1E). The trade price was
calculated by converting the stock price of Lehman
Brothers at the rate of one US dollar to 20 Japanese
yen. At the end of trading, the subjects were each paid
a bonus of the amount of their assets that exceeded
5000 yen. The bubble period was drawn from historical
data spanning the fourth to the ninth block. The stock
price during this period was higher than during the
stable period, between the ﬁrst and third blocks. To
validate the bubble period of BLB, we analyzed the ratio
of orders. After the third block, the subjects signiﬁcantly
reduced the rate of their sell orders (a two-way
repeated-measures analysis of variance (ANOVA)
testing factors of block ([1–3]/[4–9])  percentage of
order (buy/sell/no trade) showed a signiﬁcant interaction
(F2,26 = 15.75, p< 0.001; post hoc Tukey’s HSD test,
p< 0.05)), but maintained their buy orders. This
suggested that the proportion of buy orders increased in
Table 2. Future time perspective questionnaire for Japanese
Self-fullness
1. I feel a meaningful life
2. The daily routine bores me*
3. I am satisﬁed with my present life
4. I live day to day without emotion*
5. I am not honest to myself*
Goal-directedness
6. I have a plan of the future life in outline
7. I have a purpose in life
8. I have only a dim anticipation for my future*
9. I am making a preparation for the beneﬁt in the future
10. I do not know what I will be in ten years*
Acceptance of past
11. I do not like to remember my past so much*
12. All my life experiences in the past are bitter for me*
13. I am particular about some events of the past*
14. I can accept my past
Hopefulness
15. My future looks to be dark*
16. I am conﬁdent to manage my future
17. I am hopeful in future
18. I do not like to think about my future frequently*
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period. The initial cash value was set higher than the
initial stock value, based on a study that suggested that
a greater amount of money in the initial asset leads to
larger bubbles (Caginalp et al., 1998).
We introduced an index value to indicate the tendency
to buy or sell. This index, called bias index (BI), varied
between 1 (sell-biased) and 1 (buy-biased) and was
deﬁned as follows.
BI ¼ ðNBuy  NSellÞ=ðNBuy þ NSellÞ ð2Þ
where NBuy means the number of buy orders and NSell
means the number of sell orders. We computed the BIs
of LDS and SDS, respectively, including all trades in Exp
1. For BLB in Exp 2, the BIs in the bubble period and in
the non-bubble period were calculated separately.
We established that the time course of the stock price
of LDS was qualitatively similar to that of BLB. The main
diﬀerence between LDS and BLB was the presence or
absence of knowledge regarding their fair prices. The
fair price of LDS was disclosed to the subjects in
advance, whereas the fair price of BLB was totally
unknown.* Item with reversed direction.Future time perspective and its quantiﬁcation
Most individuals have a sense of continuation from past to
future and, in imagination, they may project themselves
forward in time for many years or decades. The temporal
extent, or depth, of a person’s projection into the future,
with regard to the implications of their present actions, is
known as future time perspective (FTP), and various
questionnaires have been devised to quantify it (Shirai,
1994; Simons et al., 2004). Among these, we used
the one established for Japanese subjects (Shirai, 1994),
which comprises 18 questions (Table 2), These include
questions that represent, as detected through
multivariate analysis, the four major aspects of FTP:
‘‘self-fullness,’’ ‘‘goal directedness,’’ ‘‘acceptance of
past,’’ and ‘‘hopefulness.’’ After each scanning session,
the subjects were asked forcedly to give a rating on a
ﬁve-point Likert scale (1, strongly disagree; 2, disagree;
3, neutral; 4, agree; and 5, strongly agree), for each
question. For items with reverse direction (indicated by
asterisk [⁄], see Table 2), points were given in reverse
order (1, strongly agree; 2, agree; 3, neutral; 4, disagree;
and 5, strongly disagree). The total sum of these scores
for all 18 questions was the FTP score of the respective
subject.Image acquisition
Images were collected using a 4T whole-body MRI
system (Agilent Technologies, Santa Clara, CA). BOLD
signals were measured using a phased-array coil. Four
receiver coils were placed on the head, over the left
frontal, left occipital, right frontal, and right occipital
cortices. Sensitivity encoding (SENSE), which is a fast
parallel imaging technique (Pruessmann et al., 1999;
Preibisch et al., 2003), was applied with a reduction
factor of R= 2. A full-ﬁeld-of-view (full-FOV) reference
scan was performed to determine the sensitivity of thereceiver coils for SENSE reconstruction. A full-FOV noise
image was scanned to calculate the receiver noise matrix
(Pruessmann et al., 1999; Preibisch et al., 2003), which
describes the levels and correlations of the noise in the
receiver channels. Functional images of 28 slices tilted
30 from the anterior commissure–posterior commissure
(AC–PC) plane to the forehead (thickness = 3 mm,
gap = 2 mm, FOV= 192 mm  192 mm, 64  64
matrix, repetition time (TR) = 1900 ms, echo time
(TE )= 12.8 ms, ﬂip angle (FA) = 80) were acquired per
volume. A high-resolution T1-weighted structural image
was obtained by magnetization-prepared 3D FLASH
(inversion time (TI )= 500 ms, repetition time (TR) =
110 ms, echo time (TE) = 6.2 ms, ﬂip angle (FA )= 11,
256  256  180 matrix, voxel size = 1 mm  1 mm 
1 mm). A pressure sensor measured respiration signals,
and a pulse oximeter measured cardiac signals. The
respiratory and cardiac signals were used to remove
physiological ﬂuctuations from the functional images
(Hu et al., 1995).
Image processing
The functional and structural images were analyzed using
the Brain Voyager QX software (version 1.10; Brain
Innovation, Maastricht, The Netherlands). For each
subject, the following processes were used to correct
the functional images: slice time correction, 3D-motion
correction, spatial smoothing (Gaussian ﬁlter, full width
at half maximum (FWHM) = 6 mm), and temporal
ﬁltering (high-pass ﬁlter, cut-oﬀ = 0.01 Hz). The
structural and functional images were spatially
normalized and transformed into the standard Talairach
space. BOLD signals were modeled using a synthetic
hemodynamic response function composed of two
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the BOLD signal was set to the appearance of the
information about the stock and assets. This enabled us
to exclude the eﬀect of motor preparation and output. A
random-eﬀects general linear model (GLM) analysis was
performed on the functional data to identify signiﬁcant
activation. Brain activities for all follower trials in trading
LDS and SDS were modeled (two regressors, LDS/
SDS) and sent to the GLM in Exp 1. Brain activities
during orders in the bubble period were modeled only
while trading BLB (three regressors, buy/sell/no trade),
and the contrast of ‘‘buy > sell’’ was considered in Exp
2. Corresponding to this contrast, and indicating the
follower strategy during the price increase, the brain
activation related to this strategy was also investigated
using the contrast ‘‘LDS > SDS’’ of follower orders in
Exp 1.
The threshold p value was set at 0.005 uncorrected at
voxel level to identify activated clusters. The threshold
of cluster size of p< 0.05 corrected for multiple
comparisons was estimated using a Brain Voyager QX
cluster-level statistical threshold estimator plug-in. After
1000 iterations of a Monte Carlo simulation, an alpha
value was calculated for each cluster size based on its
relative frequency. Thus, the cluster size of 513 mm3
was used to correct for cluster-level multiple comparisons.
The subjects used diﬀerent asset information for
diﬀerent stock types to place orders (principally, market
price minus fair price for SDS, and change of price for
LDS and BLB; also ‘‘Behavioral results’’ section). This
indicated that the top-down attention to asset
information in trading stocks might be reﬂected in the
brain activation. However, the activated areas observed
in the whole-brain GLM analysis were deemed too small
to achieve a cluster-sized threshold, because the eﬀects
of contrast appeared weak. We also used small volume
correction (SVC; Poldrack, 2007) to correct for multiple
comparisons at voxel level, after identifying clusters
using the voxel-level threshold of p< 0.005. An
expected brain function (i.e., top-down attention) during
the search for target information in the visual ﬁeld is
strongly associated with the dorsal attention network,
with right lateralization (Shulman et al., 2010).
Therefore, the SVC was performed in the right superior
parietal lobule (SPL). A sphere with a 15-mm radius
centered on [33,69,50] in the standard Talairach
space found in a study of top-down attention (Corbetta
et al., 1995) was used for this SVC. We used p< 0.05
FWE-corrected at voxel level as the threshold for SVC.Functional connectivity analysis
The principal aim of this study was to investigate the
change of brain activity in non-bubble (stable) and
bubble periods when trading BLB. Whole-brain analysis
reveals the brain activity associated with order
decisions. However, the analysis cannot reveal the brain
processing that underlies the decisions. In this study,
we assumed two cognitive substrates to support the
order decisions. One was the recognition of the assetinformation, and the other was the FTP. The former
directly inﬂuences the order decision (see ‘‘Behavioral
results’’ section). The FTP time perspective can bias the
speculation of the future price of the stock of BLB,
because no information to estimate the future price was
given with the exception of the current asset information
when trading BLB. We expected that the brain network
was triggered to change for the price increase trend in
the bubble.
First, we investigated the brain activity associated with
the assets in the contrast of ‘‘buy > sell’’ in the BLB
bubble period. For this purpose, we sought brain areas
of the prefrontal cortex in which beta estimates were
correlated with the cash holdings at the end of trading.
Functional data of the bubble period, but not of the non-
bubble period, were used in this analysis. Brain regions
associated with the FTP score were also investigated.
The r value threshold was set at >0.66 or <0.66,
corresponding to p< 0.01 uncorrected at voxel level, to
identify brain areas for regions of interest (ROIs) in
functional connectivity analysis. The right VMPFC and
the left dorsolateral prefrontal cortex (DLPFC) were
identiﬁed as brain areas that were associated with cash
holdings (Fig. 2A, see ‘‘Results’’ section). The inferior
parietal lobule (IPL) was identiﬁed as being correlated
with the FTP score (Fig. 2B, see also ‘‘Results’’ section).
We used a within-subject inter-regional correlation as
functional connectivity (Rogers et al., 2007; Ryali et al.,
2012). The ROIs for this functional connectivity analysis
were identiﬁed using the analysis described above. It
should be noted that the peak of r value did not
correspond to the peak of activity with respect to
contrast. Peak beta estimates in the regions varied
between the subjects. This indicates that individually
deﬁned ROIs using the activity peak were uninformative
for the functional connectivity in this study. Instead, we
used the regions identiﬁed in group-level analysis as
ROIs, i.e., VMPFC, DLPFC, and IPL. In this analysis, the
time series of the functional MRI (fMRI) signal was
extracted from each region of each subject using
BVQXtools (version 0.8d; support.brainvoyager.com;
Brain Innovation, Maastricht, The Netherlands)
functioning on Matlab. The partial correlation of fMRI
signals between two brain regions deﬁned their functional
connectivity. Partial correlation removed the common
linear inﬂuences of the other regions considered together.
We considered two connections, DLPFC–VMPFC and
DLPFC–IPL, to investigate the change of brain modes.
Again, we had hypothesized that the continuous price
increase during the bubble switched the brain network.
It was expected that these two functional connectivities
with the hub of DLPFC were balanced in the stable
period. After the bubble emerged, the balance of these
connectivities was biased to either one of them, e.g.,
DLPFC–IPL. To test this hypothesis, we compared
these connectivities during the stable period with the
connectivities during the bubble period, i.e. (DLPFC–
VMPFC  DLPFC–IPL) during the stable period vs.
(DLPFC–VMPFC  DLPFC–IPL) during the bubble
period. The inﬂuence of an economic bubble on the
Fig. 2. (A) Brain activities recorded during the bubble correlated with cash holdings. The left panel shows activation in the ventromedial prefrontal
cortex (VMPFC). The right panel shows activation in the dorsolateral prefrontal cortex (DLPFC). (B) The IPL activation observed on the sagittal
section was correlated with the FTP score, which measures two aspects of a subject’s conceptualization of his or her future: hopefulness and goal
directedness. (C) Functional connectivity of DLPFC–IPL and DLPFC–VMPFC. These functional connectivities were computed separately in non-
bubble and bubble periods, and were conﬁrmed as being signiﬁcant (one-sample t test, ⁄p< 0.05, ⁄⁄p< 0.01, ⁄⁄⁄p< 0.001, Bonferroni corrected),
with the exception of the DLPFC–VMPFC connectivity during the bubble period. The inﬂuence of a bubble on connectivity was assessed by
comparing the non-bubble (stable) with bubble periods, as indicated by yellow double-sided arrows. The eﬀect corresponding to the interaction
between connectivity (DLPFC–IPL and DLPFC–VMPFC) and period (non-bubble and bubble) was signiﬁcant. (D) Functional connectivities in Exp 1.
We computed the DLPFC–IPL and DLPFC–VMPFC connectivities for LDS and SDS, respectively. Each functional connectivity was signiﬁcantly
larger than zero (one-sample t test). No signiﬁcant eﬀect was observed between LDS and SDS for the DLPFC–IPL and DLPFC–VMPFC
connectivities.
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test, to compare the functional connectivities during the
stable and bubble periods. The signiﬁcance of each
connectivity across subjects was also tested using a
one-sample t test with Bonferroni correction for multiple
comparisons.
It could be argued that the same pattern of functional
connectivity of BLB might take place between SDS and
LDS in Exp 1. We computed the functional connectivity
of DLPFC–IPL and DLPFC–VMPFC in SDS and LDS
using the same ROIs that were used for BLB and
compared them as the functional connectivities of BLB
were analyzed. In these ROIs, the fMRI signals of SDS
and LDS across all trials were extracted using
BVQXtools. The fMRI signal was extracted during the
blocks in which the price of LDS was above its fair price
(see Fig. 1D), corresponding to the bubble period of
BLB. The following four functional connectivities were
computed using partial correlation: DLPFC–IPL of SDS,
DLPFC–VMPFC of SDS, DLPFC–IPL of LDS, and
DLPFC–VMPFC of LDS. As analyzed for the functional
connectivities when trading BLB stock, we investigated
the signiﬁcant diﬀerence of functional connectivity, i.e.
(DLPFC–VMPFC  DLPFC–IPL) of LDS vs. (DLPFC–
VMPFC  DLPFC–IPL) of SDS, and the signiﬁcance of
each functional connectivity.We selected partial correlation as functional
connectivity, but not psychophysiological interactions
(PPIs; Friston et al., 1997; O’Reilly et al., 2012). PPI is
used to search voxels in the brain that are related to the
fMRI signal of the seed ROI. The PPI result shows that
the activity of revealed voxels had a greater covariance
with the seed ROI in the target condition than in the other
condition. PPI is not usually used to compare
the connectivities between predeﬁned ROIs. However, the
aim of the present functional connectivity analysis was to
investigate the diﬀerence of the connectivities between
deﬁned ROIs (i.e., DLPFC–IPL and DLPFC–VMPFC) in
bubble and stable conditions. Partial correlation was
available to compare the connectivities simply.
Linear regression analysis
Decision making by the subjects depended on the
information presented regarding the stock and their
current assets. A linear regression analysis identiﬁed
the presented information that best predicted the
decisions. This analysis assumed a linear relationship
between the decision and the information presented in
each trial. Each order was modeled as follows:
yi ¼ bixi þ ei ¼ bi1 þ bi2x2 þ    þ bijxj þ ei ð3Þ
Table 3. Beta estimates of regression analysis
Practice LDS SDS BLB
Cash 0.13 0.06 0.11 0.21
Change of price 0.30 0.40 0.36 0.33
Market price minus fair
price
0.66 0.28 0.51 –
Price 0.08 0.23 0.06 0.08
Number of stock holdings 0.25 0.06 0.15 0.21
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variable (y) of this analysis, was digitized as follows: buy,
+1; sell, 1; and no trade, 0. Independent variables (x)
were the amount of stock holding, the amount of cash,
the price of the stock, and the change of stock price in all
experiments. The diﬀerence between the trade price and
the fair price was used in the analysis of the data of Exp
1. This variable was unavailable in the analysis of the
data of Exp 2, because the fair price was indeterminable.
The data from each independent variable were
normalized to a standard normal distribution. The
coeﬃcients of regression (b) that showed the strength of
the relationship between an order decision and each
piece of information regarding the presented asset were
estimated using the method of least squares.RESULTS
Behavioral results
After the training session, which was performed outside
the scanner, the subjects were scanned twice (i.e., Exp
1 and Exp 2) while performing the task. The SDS and
LDS were applied alternately during the same scan
because the economic environment was identical, with
the exception of the degree of deﬂection in the stock
price. However, BLB was applied in a separate scan
because the cash supply and the accuracy of the
information were qualitatively diﬀerent in the bubble
environment. The subjects’ trading behaviors and cash
holdings were recorded, and their brain activity in
relation to their trading behavior (buy, sell, and no trade;
see Fig. 1) was measured. We also compared their
autonomic responses (i.e., heart and respiratory rates),
to ensure that no emotional/physiological diﬀerences
were present during stock trading (Fig. 1B), because
trading LDS and BLB might have enhanced emotional/
physiological reactions more than trading SDS. The
result of this analysis showed that heart rates during
LDS (76.5 beats/min), SDS (76.3 beats/min), and BLB
(73.4 beats/min) trading were not signiﬁcantly diﬀerent
(one-way repeated measures ANOVA, F2,26 = 0.712,
p= 0.50; Fig. 1B, left panel). Similarly, the respiration
rates during LDS (19.8 breaths/min), SDS (19.9 breaths/
min), and BLB (19.4 breaths/min) trading were not
signiﬁcantly diﬀerent (one-way repeated measures
ANOVA, F2,26 = 1.47, p= 0.25; Fig. 1B, right panel).
After scanning, the subjects’ contemplation about the
future implications of their acts—their FTP—was
calculated using a questionnaire (Table 2), as
established previously (Shirai, 1994). A higher FTP
score represents a subject’s more proactive and positive
present anticipation of future goals under uncertainty
(Nuttin and Lens, 1985; Simons et al., 2004).
The behavioral results revealed that the subjects
gained 6.8%, 38.3%, and 44.7% of the initial assets in
the SDS, LDS, and BLB conditions, respectively.
Furthermore, the order strategy was assessed based on
how often each subject used each strategy. The
subjects mainly opted for a contrarian strategy of buying
a reduced price and selling at an increased price for
both LDS (average = 31.9) and SDS (32.1), with asimilar frequency, whereas they opted less for the
follower strategy, which is the inverse of the contrarian
strategy, when trading SDS (11.6) and LDS (7.2). When
trading BLB, the contrarian strategy was used
signiﬁcantly more often (25.6) than the follower strategy
(6.7). The behavioral results show that the subjects
favored the contrarian strategy over the follower strategy.
To investigate the asset information that was relevant
to the order decision, we performed a regression analysis
on the behavioral data. The order decision for the SDS
depended principally on the diﬀerence between the
trade price and the fair price (Table 3). In contrast,
those for the LDS and BLB depended primarily on the
price change (see Table 3). The diﬀerence between the
LDS and SDS and the consistency between the LDS
and BLB suggest that the subjects used two trading
modes during the stable and deﬂected situation,
respectively. In the stable market, the immediately
presented information mostly accounted for the traders’
decisions, whereas in a ﬂuctuating market, the change
of price, i.e., price increase or price decrease, played an
important role, even if the fair price was known. This
indicates that, in the trend of the large price increase,
the expectation for future price trend is a critical factor
in decision making.
It was expected that the subjects were biased to buy
orders during the bubble period. We computed the BIs
of BLB in the bubble and non-bubble periods separately.
Similarly, the BIs of LDS and SDS across all trades
were computed and compared. The result of this
analysis showed that the order was biased to a greater
extent toward buying in the bubble period (0.17 ± 0.08)
than in the non-bubble period of BLB (0.21 ± 0.06;
paired t test, t13 = 2.90, p< 0.05). In contrast, no
diﬀerence in the index was observed between LDS
(0.09 ± 0.04) and SDS (0.13 ± 0.03; paired t test,
t13 = 1.44, p= 0.17). The subjects were biased to
buy stocks in the bubble period of BLB, but not biased
in trading LDS or SDS.Imaging results
We identiﬁed activity in the prefrontal cortex in the
contrast of ‘‘buy > sell’’ during the bubble period when
trading BLB. The functional images acquired in the non-
bubble period, which occurred before the bubble period,
were not used in this analysis. Activation in the right
VMPFC was positively correlated with cash holdings
(Fig. 2A, Table 4). This correlation analysis identiﬁed
the brain activity during the bubble period that was
associated with both order decisions and asset
Table 4. The summary of brain activations correlated with cash holdings and FTP scores
Regions L/R x y z r at peak Volume (mm3)
Correlated with cash holdings
VMPFC R 15 46 15 0.79 112
14 40 0 0.77 150
DLPFC L 37 40 18 0.74 160
Correlated with FTP score
IPL L 43 53 33 0.73 131
t at peak
Follower in LDS> follower in SDS
Premotor area L 10 7 63 7.24 1880
x, y, and z indicate the peak in Talairach coordinates.
Fig. 3. Brain activation in the premotor area (only during the normal
economy). The cyan-colored area shows that the activation in the
‘‘LDS > SDS’’ comparison was correlated with the follower strategy
under normal economic conditions.
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stock holdings. Therefore, we also investigated whether
activation in the right VMPFC was associated with the
stock holdings. The beta estimates of the VMPFC
activation were negatively correlated with stock holdings
(r= 0.57, one-sample t test, t12 = 2.39, p< 0.05).
Thus, the VMPFC was identiﬁed as a brain area with an
activity that was positively correlated with cash holdings
(Table 4). This indicates that this brain area is involved
in assessing the balance between cash and stock
holdings (Hirshleifer, 2001; Daniel et al., 2002).
The left DLPFC was also identiﬁed in this correlation
analysis (Fig. 2A). As described above, the functional
data of the bubble period was used here. The
correlation between the beta estimates of DLPFC
activation and the stock holdings indicated a tendency
toward signiﬁcance (r= 0.49, one-sample t test,
t12 = 1.95, p= 0.075). The activity of the DLPFC was
correlated negatively with cash holdings (see Table 4).
Thus, the DLPFC might be involved in counterbalance
processing by the VMPFC (cf. Hare et al., 2009).
We also observed brain areas that were activated
during the bubble conditions, but not during the non-
bubble trials, in relation to the psychological FTP score
(normally distributed across subjects, with an average of
68.6 and a standard error of 2.4, and validated by the
Kolmogorov–Smirnov test). Activation of the IPL (BA40)
was detected during the bubble (BLB) period, in
correlation with the FTP scores (Fig. 2B, see also
Table 4).
A functional connectivity analysis showed that the
DLPFC–IPL and DLPFC–VMPFC connectivities were
signiﬁcantly diﬀerent in the bubble period compared with
the non-bubble period (paired t test, t13 = 2.19,
p< 0.05; Fig. 2C). Each functional connectivity was
signiﬁcantly larger than zero, with the exception of the
connectivity of DLPFC–VMPFC during the bubble period
(see Fig. 2C). These ﬁndings indicate that the IPL and
the DLPFC, but not the VMPFC, represent a brain
circuitry for making trade decisions under bubble
conditions. These two connections were deemed
balanced during the non-bubble period. However, the
DLPFC–IPL connectivity became predominant over the
DLPFC–VMPFC connectivity during the bubble period,
indicating the change of brain modes, i.e., functional
networks.Here, we accessed functional connectivities for LDS
and SDS in Exp 1. We also performed a connectivity
analysis on SDS and LDS in Exp 1. Corresponding to
the connectivity analysis in Exp 2, the DLPFC–VMPFC
and DLPFC–IPL connectivities were computed for SDS
and LDS (Fig. 2D). All connectivities were signiﬁcantly
larger than zero. Furthermore, the DLPFC–IPL and
DLPFC–VMPFC connectivities were not signiﬁcantly
diﬀerent between LDS and SDS (paired t test,
t13 = 0.84, p> 0.1). These results show that the
functional network for LDS was not diﬀerent from that
for SDS, although the trade price of LDS was controlled
like a bubble. Because their fair prices were known, the
brain mode might be the same in both and SDS.
Notably, brain activation in the premotor area (BA6)
was observed in Exp 1 (Fig. 3). During the economic
conditions of Exp 1 (i.e., the fair price was known), the
premotor area was associated with the follower order
strategy in trading LDS, as revealed by the contrast of
‘‘LDS > SDS’’ in the follower strategy. The follower
strategy means that buy orders are placed in response
to price increases, and vice versa. In contrast, in the
bubble condition, this area remained silent, whereas the
DLPFC–IPL brain network was active.
For the completeness of data analysis, we contrasted
buy vs. sell in both stock types of LDS and SDS in Exp 1,
i.e. (buy-LDS > sell-LDS)  (buy-SDS > sell-SDS). No
signiﬁcant activation was observed, even when using a
liberal threshold of p< 0.01. This result indicates an
absence of signiﬁcant eﬀect on brain activity for the buy
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positive deﬂection of prices, similar to a bubble, but with
known fair prices. We also investigated the contrast of
contrarian vs. follower strategies in the bubble period of
BLB. The results of this analysis showed an absence of
signiﬁcant activation, indicating that the brain activities
for contrarian and follower strategies were not
signiﬁcantly diﬀerent when trading BLB.
During both the normal economic and bubble
conditions, the brain activation of the SPL was positively
associated with trading during large price ﬂuctuations,
i.e., the activation of the SPL corresponding to the
presentation of the stock and asset information was
greater during LDS trading compared with SDS trading
(p< 0.05, small-volume-corrected; Fig. 4). During BLB
trading, the contrast of ‘‘buy > sell’’ in the bubble period
yielded activation in the SPL (p< 0.05, small-volume-
corrected; Fig. 4). The range of SVC that stipulated
brain activation was deﬁned from an attention study
(Corbetta et al., 1995). The consistent results obtained
in Exp 1 and Exp 2 indicate that top-down attention to
the presented asset information might support decision
making during a large variation in stock price.DISCUSSION
This study identiﬁed a brain mechanism that is at least
partly responsible for the seemingly bounded-rational
trading behavior that is commonly observed during an
economic bubble. In normal market conditions, trading
behavior is under the attentional control of the SPL
(Corbetta et al., 2000; Corbetta and Shulman, 2002;
Greenberg et al., 2010), whereas the VMPFC and the
DLPFC participate in the decision making duringFig. 4. Activation in the right superior parietal lobule (SPL) in Exp 1
and Exp 2. The cyan-colored area shows the activation in the
‘‘LDS > SDS’’ comparison, which reﬂected the larger deﬂection of
the trade price from the fair price (peaked at [x= 46, y= 62,
z= 48], peak t value = 5.64, volume = 130 mm3). The orange-
colored area shows the activation in the ‘‘buy > sell’’ comparison in
the BLB condition (peaked at [x= 36, y= 64, z= 46], peak t
value = 5.73, volume = 126 mm3). These activities survived in the
SVC (p< 0.05 at voxel level) using a 15-mm sphere centered on
[x= 33, y= 69, z= 50] in the standard Talairach space as
determined by previous work (Corbetta et al., 1995).bubbles (cf. McClure et al., 2004; Kable and Glimcher,
2007; Hare et al., 2009; Levy and Glimcher, 2011).
When suﬃcient and accurate information is available,
the premotor area is recruited for making ‘‘routine’’
decisions (Wallis and Miller, 2003; Muhammad et al.,
2006). However, when the market becomes unstable
and the available information is inadequate, the brain
mode is switched to the DLPFC–IPL interaction, in
which decisions are putatively made in the DLPFC (cf.
Schultz, 2004) based on the FTP represented in the
IPL. The connectivity between the VMPFC and the
DLPFC was previously reported to reﬂect the individual
diﬀerence in normative behavior of rejecting unfair oﬀers
in an ultimatum game, indicating the involvement of the
network of VMPFC and DLPFC in normative decision
making (Baumgartner et al., 2011). Although the
prefrontal cortex might balance cognitive processes to
make decisions (Hare et al., 2009), this results in
wishful estimates for the future that diverges from the
economic reality at the time.
Previous studies have indicated that the VMPFC is
involved in the value representation that supports goal-
directed decision making (Kable and Glimcher, 2007). In
particular, the VMPFC is involved in the assessment of
subjective value and preference (e.g., money, food, and
drink) (McClure et al., 2004; Levy et al., 2010; Levy and
Glimcher, 2011). In ﬁnancial risk taking, the VMPFC is
activated for monetary gain (Kuhnen and Knutson,
2005). Kuhnen and Knutson (2005) showed that
subcortical regions were involved in the preference for
the expected outcome of choices, whereas the orders
placed in this study reﬂected a more realistic preference
for ﬁnancial products. Our ﬁndings indicate that the
VMPFC is associated with asset preference—cash and
stock holdings exhibited a tradeoﬀ relation—supporting
the ﬁnancial decision making.
The functional involvement of subcortical regions
during economic behaviors was also expected in this
study. The ventral striatum, for example, is strongly
associated with the processing of monetary outcomes
that include indirect eﬀects (e.g., ﬁctive learning)
(Lohrenz et al., 2007). The amygdala, which is typically
sensitive to fear, is involved in the optimism that might
bias decision making (Sharot et al., 2007). This study,
however, focused on the neural basis of the order
decision during an economic bubble period, rather than
on processing for outcome or learning; therefore, we did
not therefore observe subcortical activation.
The FTP measures aspects of a person’s outlook,
including their goal directedness and hopefulness in
uncertain conditions. It may measure a person’s
concern with the future implications of that person’s
present behavior, or their present anticipation of future
goals (Simons et al., 2004). Although the FTP was
originally introduced to assess the conceptualization of a
person’s future (Nuttin and Lens, 1985), it has been
commonly applied to the ﬁeld of educational psychology
(Simons et al., 2004) and is independent of the
management of measurable statistical events toward the
future, such as temporal discounting (Rangel et al.,
2008). A high FTP score represents the extent to which
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decisions. It therefore reﬂects the ﬁtness of a person’s
brain mode for trading in an uncertain situation, rather
than in one in which they are well informed. It is
reasonable that the FTP score correlated with the
activity of the IPL, because previous studies showed
that this area was involved in thinking about one’s
personal future (Abraham et al., 2008; Arzy et al., 2009;
D’Argembeau et al., 2010).
A hierarchy model of the frontal cortex (Koechlin and
Summerﬁeld, 2007) suggests that the premotor area
and the DLPFC are involved in simple sensorimotor
mapping and contextual decision making, respectively.
In line with this model, our ﬁndings showed that the
premotor area was involved in simple order decisions in
a stable market, and that the DLPFC was involved in
the decision during a rising-price context, i.e., an
economic bubble. The premotor area may represent
ﬁxed (syntactic) rules of action (Wallis and Miller, 2003;
Bunge et al., 2005; Muhammad et al., 2006) that are
adapted to stable environments. Contextual decision
making requires supportive information, together with
asset data, and the functional connectivity of the DLPFC
with the IPL may provide this, because the IPL was
associated with the FTP which would most likely assist
in the decision making by aﬀecting the anticipation of
the future price of a stock.
The hyperbolic temporal discounting model is the
prevailing model for decision making in the intertemporal
choice (Kable and Glimcher, 2007). This model assumes
that each subject has an individual subjective discounting
rate to discount the referential future value that
corresponds to the ﬁnal stock value. The referential
future value might be speculated to be much higher
during a bubble than during a stable period. During a
bubble, in which asset maximization is foremost, a
personal trait such as goal directedness may therefore
bias the subject to guess a higher referential value, which
in turn reasonably leads them to a higher subjective value.
Human trading is commonly assumed to derive from
stable and foreseeable environments, in which events
are governed by a trade strategy that is bounded by
physical constraints. However, modern economics are
largely detached from immediate real-world constraints
and should, therefore, be represented in brain areas
that are involved in symbolic thought, such as the IPL
and the lateral prefrontal cortex (Huettel et al., 2006;
Kable and Glimcher, 2009; Venkatraman et al., 2009).
The evolution of symbolism in humans (and, thus,
imagination) has bestowed upon the species many
creative abilities, but with them come the risks of
illogical thought (Boorman and Sallet, 2009) and wishful
thinking. The capacity for FTP (Shirai, 1994) is essential
for the formation of meaningful long-range plans, but
such plans often lack supporting evidence. Traders
believe that their orders are rational even during a
bubble (De Long et al., 1990), whereas from a
macroeconomic perspective they clearly are not. In a
boom economy, this introspective ‘‘closed world’’ of local
rationalization at the microeconomic scale can herd
individuals toward a collectively irrational closed world atthe macroeconomic scale (Raafat et al., 2009), resulting
in a ‘‘fallacy of composition’’ (Samuelson, 1948)—the
false inference that what is true of part of the system is
true of the whole—thus fueling an economic bubble.AUTHOR CONTRIBUTIONS
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